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CONVERSION FACTORS AND ABBREVIATIONS
The recharge well and contiguous parts of the aquifer developed varying degrees of clogging, which resulted in excessive head buildup in the recharge well. Maximum reduction in specific capacity from 23.5 to 2.5 gallons per minute per foot occurred during injection of 14 million gallons of reclaimed water.
Clogging of the recharge well was caused primarily by suspended-solids content (turbidity) of the injected water. Concentrations above 1 milligram per liter as silica caused disproportionately higher rate·s of clogging than those below 1 milligram per liter. Microbial growth was an insignificant factor in clogging as long as a total residual chlorine level of about 2 milligrams per liter was maintained.
Specific capacity of the recharge well diminished gradually during injection but was partly restored by pumping and surging the well. Pumping rate was commonly 400 to 500 gallons per minute. Dosing the well with hydrochloric acid aided in removal of clogging material that could not be dislodged by pumping alone. Dosing with solutions of sodium hypochlorite and a bactericidal ammonium compound resulted in some improvement in specific capacity. Biodegradation of the clogging materials occurred when the well was idle after injection; redevelopment by pumping and surging was more successful after idle periods of several weeks.
INTRODUCTION
Growth in the population of Nassau County, a suburb of New York City, has been accompanied by increased withdrawals. of ground water, which, in 197 4, was the only source of public-supply water. Net withdrawals from the ground-water system have resulted in declining ground-water levels and decreased streamflow (Franke, 1968; Garber and Sulam, 1976) and in local landward movement of salty ground water (Lusczynski and Swarzenski, 1966; Cohen and Kimmel, 1970) . A continued increase in net withdrawals is expected as population, per capita water use, and percentage of population served by sewers increase. These growth factors indicate a watersupply deficit of between 71.1 and 91.1 Mgal/ d by 1990 (Temporary State Commission on Water Supply Needs of Southeast·ern New York, 1972, J>. 142-144) .
One of several alternatives under consideration by Nassau County to me·et the anticipated water-supply deficit is reclamation of wa~ter from sewage and injection of the reclaimed water into the ground-water reservoir (Peters and Ros.e, 1968) . From 1968 to 1973, the Nassau County Department of Public Works operated a pilot advanced waste-treatment plant at Bay Park, N.Y., near the south shore of Nassau County ( fig. 1 ). Reclaimed water from this plant was used in a series of deep-well artificial-recharge experiments by the U.S. Geological Survey in cooperation with the Nassau County Department of Public Works. These tests were-intended to provide some of the scientific and engineering data needed to evaluate the degree, causes, and remedies for well clogging that results from injection of reclaimed water and the geochemical compatibility of the reclaimed water with the aquifer. Vecchioli and others, 1974, p. 2.) Long Island, New York." The report documents the testing that was done, evaluates the hydraulic response of the aquifer to the recharge, and describes the performance of the recharge well and the factors that affected performance. In this report, emphasis is on the hydraulic aspects of the testing; geochemical and microbiological aspects are covered in earlier chap:bers. (See section "Previous Work.")
WATER-RECLAMATION AND RECHARGE FACILITIES
Reclaimed water for recharge was obtained by tertiary-stage treatment (Peters and Rose, 1968; Peters, 1968; Vecchioli, Oliva, Ragone, and Ku, 1975) of about 0.6 Mgal/d of the ·effluent from an acti,vated-sludge type 60-Mga.I/ d sewage-treatment plant. This treatment consisted generally of coagulation and sedimentation, primary filtration through a dual-media sand-anthracite filter followed by secondary filtration through one to four activated carbon columns, and finally chlorination. Additional treatm·ent that was applied at times at the recharge facility included degasification, pH adjustment, and dechlorination.
Major components of the recharge facility included (1) a 50,000-gallon storage tank into which either public-supply water or reclaimed water was delivered, (2) a vacuum-operated degasifier, (3) injection and redevelopment pumps with automatic flow controls, ( 4) an injection well consisting of an 18-inch-diameter fiberglass casing above a 16-inchdiameter stainless-steel well screen set at 418 to 480 feet below land surface, ( 5) 18 observation wells, ranging f~om 20 feet to 200 feet from the injection well, some of which were equipped with water-level recording equipment, and ( 6) equipment for monitoring several chemical and physical characteristics of the water.
GEOHYDROLOGY OF RECHARGE SITE
The recharge site is in the Atlantic Coastal Plain and is underlain by 1,250 feet of unconsolidated deposits of Pleistocene and Late Cretaceous age, which, in turn, overlie crystalline bedrock of Precambrian age. The recharge well is screened within the lower part of the Ma.gothy aquifer in the Matawan GroupMagothy Formation undifferentiated of Late Cretaceous age, at a depth of 418 to 480 feet belo·w land surface. The screened interval (injection zone or receiving zone) is mostly a stratified fine to medium quartz sand sandwiched between and semiconfined by beds of the Magothy Formation of lesser hydraulic conductivity. At Bay Park, the Magothy aquifer is confined by the underlying clay m·ember of the Raritan Formation, also of Late Cretaceous age, but above, it is virtually unconfined, owing to the generally coarse-grained character of the overlying Pleistocene deposits. Lateral hydraulic conductivity of the stratified injection zone averages 940 (gal/ d) /ft 2 or 126 ft/ d, but flowmeter surveys indicated considerable variation within this interval. The hydraulic characteristics of the aquifer system were determined by standard aquifer-test methods; the F3 results were later verified by electric analog-model studies.
PREVIOUS WORK
The geology and ground-water conditions in southern Nassau and southeastern Queens Counties, including the Bay Park area, were discussed by Perlmutter and Geragthy (1963) . Lusczynski and Swarzenski (1966) gave a detailed description of the hydrologic environment in southeast Nassau County. General discussions of more recent regional hydrologic conditions were given by Cohen, Franke, and Foxworthy (1968) . The geohydrology of the Bay Park site was described in brief by Perlmutter, Pearson, and Bennett ( 1968) and in detail by Vecchioli, Bennett, Pearson, and Cerrillo ( 197 4) .
Scope and objectives of the Bay Park wastewaterreclamation and artificial-recharge project have been described by Cohen and Durfor (1967) and by Peters and Rose (1968) . These reports also contain general descriptions of the facilities. A detailed description of the recharge well was given by Cohen and Durfor (1967) . Koch, Giaimo, and Sulam (1973) described in detail the design and operation of all recharge facilities, including the injection well.
Many progress reports have dealt with all or most aspects of the project in varying detail. Peters (1968) commented on the overall project and included some discussion of early operations of the treatment and injection plants. V ecchioli and Ku (1972) presented preliminary results of early injection experiments. These early results were later updated and summarized by . Principal conclusions drawn from all the tests made were discussed in brief by Vecchioli, Oliva, Ragone, and Ku (1975) . Significant features of the longest recharge test ( 41.7 Mgal over a 6-month period) were reported by Sulam ( 1973) .
Reports dealing specifically with geochemical aspects of the recharge experiment include Vecchioli and Giaimo (1972) on potential corrosion of metals; Faust and V ecchioli ( 197 4) on several problems ; Ragone, Vecchioli, and Ku (1973) and Ragone, Ku, and Vecchioli (1975) on dissolution of iron from the aquifer; on pyrite dissolution and ion-exchange reactions; and Ku, Vecchioli, and Ragone (1975) on movement of sewage-related substances through the aquifer. Ragone (1977) p~resented a comprehensive discw;;sion of all geochemical problems studied.
Baoterial growth around the injection well and the significance thereof was described by V ecchioli (1970) and 1973) . Movement of bacteria through the aquifer along with the injected water was discussed by Vecchioli, Ehrlich, and Ehlke (1972) . Additional microbiological aspects were reported in detail by Ehrlich, Ku, Vecchioli, and Ehlke ( 1979 Pumping tests were made on the injection well and some of the observation wells before the sbirt of the injection experiments to determine initial hydraulic characteristics of the injection well and the aquifer zone tapped by the well (Vecchioli and others, 1974) . Numerous other pumping tests, ~ang ing from several hours to several days in duration, were made on the injection well from time to time throughout the testing period. Changes in hydraulic characteristics resulting from injection were determined by comparison of early pumping-test results with later ones.
The pumping rate in most pumping tests of the injection well was approximately 400 gal/min. The rate was determined with a magnetic flowmeter. Volumetric calibrations of flow were made in nearly all tests.
Water levels in the injection well and selected observation wells were measured in all tests. These measurements were obtained with a combination of automatic float-activated water-level recorders, electric water-level indicators, and chalked steel tapes.
Flowmeter surveys were run in the screened part of the injection well during the initial pumping tests (Vecchioli and others, 1974) and in some of the pumping tests that followed early injection tests. Percentage of total discharge contributed by each 5-foot interval of well screen was measured by a 3-inch Au-type current meter.
INJECTION EXPERIMENTS WITH PUBLIC-SUPPLY WATER
Before reclaimed water was injected, four injection tests with water from the local public-supply distribution system were completed. These tests were done to identify any major problems associated with the injection operation and to evaluate procedures of operation and data collection. The period of injection in these tests was from 2 to 3 days. The rate of injection was either 200 or 400 gal/min, Ragone, 1977 .) The same kinds of measurements that were made in the pumping tests were also made during the injection tests. However, in some tests, water-level measurements in the injection well (N7884) and in two observation wells (N7885, N7886) were made with water and (or) mercury manometers, depending on the head buildup, instead of with float-activated recorders or tapes. These tests ranged in duration from 2 days to 6 months. The usual injection rate was 350 gal/min. Except for brief shutdowns during a few of the tests, water was injected continuously in all tests but RW13. Injection in test RW13 was discontinuous because pl1anned weekend shutdowns, equipment breakdowns, and short periods of backflushing for well redevelopment divided the injection period into 18 separate segments (table 2). A total of 42 Mgal was injected during test RW13.
In all tests but RW6, including the tests using public-supply water, water was pumped into the injection well through the injection line entering the well at a depth of 192 feet. (Details are given by Koch and others, 1973, p. B3.) In test RW6, water was injected through the injection line entering the well at land surface. Because disruptive vibrations were caused by the impact of the water stream on pipes suspended in the well when water was injected into the well at land surface, the surface-injection route was not used in any other tests. The third possible injection route-through the column of the redevelopment pump-was not used at all.
Chemical quality of water was purposely varied in the tests using public-supply water and seven of the tests using reclaimed water to evaluate the significance of water quality on various aspects of the injection regime (table 1).
The injection rate was monitored with the magnetic flowmeter mentioned earlier and calibrated volumetrically in each test. Water-level measurements in the injection well and in selected observation wells were made in all tests with a combination of automatic float-activated water-level recorders, water and (or) mercury manometers, and pressure gages. Flowmeter surveys in the screened part of the injection well were made during the early tests but were discontinued in the later tests because they turned out to be of questionable value. (See section "Flowmeter Surveys" and fig. 10 .)
WELL-REDEVELOPMENT EXPERIMENTS
Several methods of redevrelopment were tried in an attempt to restore well capacity, which decreased to snme degree during each injection test. Prolonged pumping of the well with a deep-well turbine pump, which is an integral part of the injection-well installation (see Koch and others, 1973 , p. B7, for details), was done either alone or in combination with some other technique. The well was pumped at different rates, ranging from 100 to 1,000 gal/min, but 400 to 500 gal/min was most common.
On many occasions, the well was surged by a cyclic starting and stopping of the pump at short intervals; this pumping was generally at the maximum rate of 1,000 gal/min. After one injection test, when the deep-well turbine pump had to be removed for repair of the well casing, the well was surged by swabbing with a double surge block in combination with air-lift pumping. Several chemical treatments were applied to observe their effectiveness in restoring specific capacity. During two tests, the well was dosed with hydrochloric acid; during other tests it was dosed with bactericides. Solutions of an ammonium compound were used in two tests; solutions of sodium hypochlorite were used in three tests.
EFFECT OF INJECTION ON AQUIFER HEAD THEORETICAL HEAD BUILDUP
When water is injected into an aquifer through a well, a cone of elevation, or mound, forms around the well in the shape of an inverted cone of depression. Theoretically, in a confined isotropic homogeneous aquifer of infinite areal extent, the cone of elevation would be the mirror image of the cone of depression, given equal time periods of and rates of pumping and provided that· the water injected had the same viscosity as the native ground water.
Although the injection zone at Bay Park differs somewhat from the theoretical model (Vecchioli and others, 197 4) , the observed hydraulic response closely approximated the theoretical response within a radius of 200 feet of the injection well, which is the limiting radius of observation at Bay Park. Accordingly, the shape of the cone of elevation, and water levels in wells within the cone at any time, should be predictable from observations made during pumping tests. Any departure from predicted response, after all appropriate corrections are made, would indicate a change in the hydraulic characteristics of the receiving zone.
OBSERVED HEAD BUILDUP
Head-buildup data obtained at each of the observation wells tapping the Magothy aquifer and during each injection test were compared with corresponding drawdown data to evaluate the "mirror image" theory. These data were also examined for any progressive change in the hydraulic characteristics that might have occurred over the course of the injection experiments.
Values of head buildup at each well were grouped according to the type of water injected, and each group was evaluated statistically (table 3) . Mean head-buildup values at each well and in each group of tests were compared with the drawdown value obtained from the initial pumping tests at the corresponding time. The hypothesis that the injectiont~est means were the same as the pumping-test values was evaluated at the 95-percent confidence level. The hypothesis was acceptable in all instances except for observation well N7886, 20 feet from the injection well, during tests with reclaimed water . .
Reasons for the difference in response at well N7886 are unclear. This well is screened in the same depth interval as the injection well and is only 20 feet from it. During the recharge tests, well N7886 was pumped at 1 to 2 gal/min for sampling. The pumping interfered slightly with the water-level observations, and corrections for the interference were not made rigorously. This interference would cause the head buildup to be low in relation to the pumping-test drawdown, and observation confirmed this. Also, throughout most of the tests using reclaimed water, for ease of computation, average tidal-efficiency and barometric-efficiency factors were applied in adjusting the observed water levels at all the wells; however, individual factors were applied to all well results during the initial pumping tests. This discrepancy adds additional uncertainty to the accuracy of the comparison. 
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On the other hand, the slightly lower head buildup observed at well N7886 during injection could reflect a slight dilation of the receiving zone in res.ponse to the increase in pore pressure. This dilation, if present, would be greatest in the vicinity of the injection well, where the disturbance was greatest. Moreov.er, the dilation near the injection well would be greater than the compaction that might occur near the injection well during pumping. Dilation of the receiving zone upon injection would tend to increase the hydraulic conductivity; hence, head buildup would be less than drawdown if all conditions other than direction of flow were equal.
No chronologie trend was observed in headbuildup values. Also, drawdown data from. a pumping test (well N7886) made after conclusion of the injection tests were virtually identical to those from the initial pumping tests ( fig. 2 ) except for drawdown in the injection well ( fig. 3 ). Differences in drawdown values of the injection well reflect residual partial clogging of the well, as discussed in the later section "Injection-Well Performance." These observations indicate that no significant cumulative changes in the hydraulic properties of the aquifer resulted from the experiments.
Comparison of the slope of the cone of elevation formed during injection with the slope of the cone of depression formed during pumping ( fig. 4) shows the two to be similar. The slightly discrepant data from well N7886, 20 feet from the injection well, indicate the 0one of elevation to be slightly smaller than the cone of depression and to have a slightly lesser slope. Figure 5 illustrates the head-buildup distribution that was observ·ed vertically and radially in the Magothy aquifer when water was injected at a rate of 350 gal/min. In layers above the Magothy aquifer that are less than 100 feet below land surface, waterlevel fluctuations ( fig. 6 ) indicated no head buildup. A small amount of head buildup in these layers probably occurred but was masked by water-level fluctua;tions caus-ed by other factors. Head buildup in all zones observed was virtually stable after 1 day of injection.
INJECTION-WELL PERFORMANtm CHANGES IN SPECIFIC CAPACITY
Performance of the injection well during the injection experiments can be evaluated in terms of the specific capacity of the well. When water is withdrawn from a well, the specific capacity of the well is the rate of yield, in gallons per minute per foot of drawdown; when water is injected into a well, the specific capacity of the well is the rate of injection per foot of head buildup. curs, the head buildup observed in the well during injection should theoretically equal the drawdown that would occur if the well were pumped at the same rate, other things being equal. Head buildup in excess of that amount is an indication of clogging of the well and (or) the aquifer and is reflected in a decrease in the injection specific capacity of the well. (From Vecchioli and others, 1975, p. 207.) are considered, however, the average rate of clogging was approximately 3 feet of excessive head buildup per 1 Mgal. This value is probably the more representative of long-term clogging rates. Initially, the pumping specific capacity of the injection well was 32.8 (gal/min) /ft after 2 days of pumping. Both the specific capacity and drawdown changed very little after 1 day of pumping and became virtually stable after 2 days ( fig. 3 ). In fact, the difference between the specific capacity after 4 hours of pumping and after 2 days was only a few tenths of a unit. Hence, evaluations of long-term changes in specific capacity during inj-ection were made from data from shorter pumping tests. Pumping specific capacity was determined before and after each injection experiment. The injection specific capacities observed in each injection test were lower than the corresponding pumping specific capacities obtained before ea.ch test, as shown by data in colun1ns 1 and 2 of table 5. Even after adjustments for differences in wate,r temperature, as discussed fqrther on, the injection specific capacities were lo\. _ than the pretest values in all tests, and the pretest specific capacity of 32.8 (gal/min) /ft was not res~tored during the injection experiments. This indicates that some clogging of the well and (or) the contiguuus part of the aquifer had o-ccurred in each injection test.
EFFECT OF TEMPERATURE ON SPECIFIC CAPACITY
Temperature of native water in the 420-to 480-foot interval (recharge zone) of the Magothy aquifer is l5°C. Temperature of water injected varied from test to test, ranging from 9°C in one of the tests using public-supply water to 23°C in one of the tests using reclaimed water (table 5) . Adjustments were made in the observed specific capacities. to correct for the temperature differences because (1) the vis~cosity of the water is inversely related to the temp·erature, (2) the hydraulic conductivity of the aquifer is inversely related to the viscosity of the water, and (3) the specific capacity of the well is directly related to the hydraulic conductivity of the aquifer.
Obs-erved specific capacities were adjusted according to a method described by G. D. Bennett (written commun., 1969) . In Bennett's method, the extent of the cylinder of injected water (.the temperature of which differs from that of the aquifer) is taken into consideration. The head-buildup correction needed at any time as a result of temperature difference is calculated from the equation :
where Sum-Swt=head bulildup at injection well for injection of water temperature T, at time t, minus head buildup in In ap·plying the temperature adj ustn1ents, one must make several simplifying assumptions that are not entirely valid. Hence, the adjustments to the specific capacities as given in table 5 represent extreme values; the actual adjustments should probably be somewhat less. Accordingly, the true end-oftest specific capacity probably lies somewhere between the observed value and the adjusted value.
WELL CLOGGING
Clogging of injection wells results from three general types of action-biological, mechanical, and chemical (American Water Works Association, Task Group 2440-R on Artificial Ground Water Recharge, 1965). Individual mechanisms of each type can operate separately or together to cause clogging. Some may clog wells abruptly, whereas others may do it gradually. Identification of the clogging mechanism(s) is essential for selection of proper treatm·ents to remedy the clogging and to prevent or minimize its recurrence.
Biological clogging may result from e1ither the growth of foreign organisms introduced by injection or from the growth of indigenous organisms stimulated by nutrients in the injected water. These growths may occur within the well, at the aquifer face, or within the aquifer at son1e distance from the well. According to Ehrlich (1972, p. 299) , bacteria are the organisms of main concern in the injection well/aquifer regimen.
Mechanical or physical clogging can be caused in several ways. Reversing the direction of water movement in the aquifer adjac·ent to the injection well may rearrange particles, which could result in denser packing and a consequent reduction in hydraulic conductivity. Particles susp·ended in the injected water may filter out and accumulate either within the gravel pack, at the interface between the gravel pack and the aquifer, or within the interstices of the aquifer. The particles may be introduced by the injected water or they may come from erosion of residual drilling mud that was not removed completely during well development. Microorganisms carried by the water may also plug the gravel-pack and (or) aquifer interstices in the same manner as inorganic particles. Air bubbles entrained in the injected water or dissolved gases that are liberated once the water is within the aquifer may cause binding of the aquifer.
Chemical clogging may result from chemical reactions between the injected water and the aquifer particles and (or) the native water. Ion-exchange reactions involving injected water having high sodium concentrations (generally more than 50 percent of cation concentration) may result in a disp~ersal of clay particles, which may plug interstices. Mineral species in solution in either the injected or native water may become unstable upon mixing of the two waters, with the result that a chemical precipitate may form. The pr~ecipitate may act as a cement and seal aquifer intel'stices. Carbonates, sulfides, and hydroxides-commonly of iron-are the groups generally of concern with respect to chemical clogging.
A considerable part of the Bay Park study was devoted to identification of clogging mechanisms and methods of either controlling these mechanisms or remedying the resultant clogging. Mechanical clogging predominated in this study; biological clogging was significant only when the reclaimed water was not chlorinated before injection. Some chemical clogging probably occurred, but its effect on excessive head buildup was greatly overshadowed by that of mechanical clogging. Evidence for these conclusions follows.
MECHANICAL CLOGGING
Mechanical clogging resulted mainly from the filtra.tion, onto the aquifer face, of suspended matter carried by the injectant. Because determination of the very low suspended-solids concentration in the injected water is difficult, turbidity was used as a measure of the variations in suspended-solids concentration. Figure 7 shows the relation of turbidity to clogging of the injection well during test RW7. In this figure, the maximum turbidity values observed each day are cumulated and compared with the specific head buildup (~ head/injection rate), which is the reciprocal of the specific capacity during injection. Similarity of the two curves is readily apparent. Specific head buildup would have leveled off after the second day if there had been no clogging.
The fine-to medium-grained characte·r of the injection stratum renders it very effective in filtering particulate matter from the injectant. Moreover, considering that the inJection-well complex has a diam·eter of 3 feet and a screen length of 62 feet, the aquifer face was loaded at a rate of approximately 0.6 (gal/min) /ft 2 when the injection rate was 350 gal/min·. Thus, even though levels of suspendedsolids concentration (in turbidity units) were generally below 1 mg/L (milligram per liter) accumulation of the injected solids at the aquifer face was considerable. Particulate accumulation in the gravel pack caus·ed little clogging; heads in an observation well screened in the gravel pack differed from thos·e in the injection well by only about 0.1 foot throughout all tests but RW8. (Reasons for anomalous heads in test RW8 are discussed in section "Biological Clogging.") Variations in turbidity of the water injected in tests RW3 through RW13 (except RW6) are summarized in table 6, together with the corresponding decrease in specific capacity per million gallons of water injected. Little correlation is evident between mean turbidity and decrease in specific capacity. However, in tests in which the m.aximun1 turbidity values were less than 1 mg/L, decrease in specific capacity was slight. Slugs of injectant having turbidity greater than 1 mg/L seemed to affect the well's specific cap·acity to a disproportion3Jtely greater degree than water of lower turbidity.
The sensitivity of the rate of clogging to seemingly small changes in turbidity is seen in figure 8 . In test RW9, head buildup increased at a low rate in the early part of the test, when the turbidity of the inJectant averaged 0.1 mg/L and did not exceed 0.75 mg/L. How·ever, in the latter part of the test, when turbidity increased to an average of 0.6 mg/L and ·reached a maximum of 1.5 mg/L, the rate of head buildup increased sharply.
The amount of clogging caused by a given sus-1 pended-solids concentration generally depended on : the degree to which the well was clogged at the time. A given suspended-solids load caused less head buildup when specific capacity was high than when it was much lower. This relation was definable only in very general terms. However, a crude relation was developed between suspended-solids concentration and excessive head buildup within the range of specific capacity observed during test RW13; this relation is shown in figure 9 . Only injection periods of 1 week or longer, uninterrupted by redevelopment, were considered. Inje~ted suspended-solids load was computed from turbidity determinations. Specific capacity of the injection well throughout test RW13 ranged from 6 (gal/min) /ft to 13 (gal/min) /ft, except during the first several days of the test. Over this range of well efficiency, the unit change in head, in feet per million gallons, was 0.74 times the change in suspended-solids load, in pounds per million gallons.
Well clogging caused by the release of entrained air or dissolved gases from the injected water was not observed. The reclaimed water injected was degasified in two of the 2-day te~ts and in one 10-day test, and, contrary to expectations, the excessive head buildup in those tests was higher than in com-:rarable tests in which the water was not degasified. Any minor beneficial influence of degasification was indiscernible because of the overriding influence of variations in turbidity on well clogging. The Bay Park recharge system permitted little air entrainment because the water was injected under pressure well below static level. Also, because the temperature of the reclaimed water was about equal to or warmer than the temperature of the aquifer water in all tests, any gases dissolved in the injected water would tend to remain in solution within the higher pressure and lower temperature environment of the aquifer.
BIOLOGICAL CLOGGING
The reclaimed water that was injected was ordinarily chlorinated as the final step in the tertiarytreatment process. A chlorine dosing of 5 to 7 mg/L provided an effective bacterial kill. With this dosage and approximately 2 hours of contact time, the residual chlorine level of the water at the point of injection was approximately 2 mg/L. Under these conditions, microbial growth around the screen of the recharge well was effectively suppressed, and Vecchioli and others, 1975, p. 208.) clogging caused by microbial factors was insignificant (Ehrlich and others, written commun., 1977) . Considerable microbial clogging did take place, however, in test RW8, in which unchlorinated water was injected (Ehrlich and others, 1973) . Although turbidity of the injectant in this test was very low, the rate of clogging was higher than in other tests in which chlorinated water having higher turbidity was injected. (See table 6 .) Moreover, in this test, much of the clogging took place within the gravel pack of the injection well, in contrast with the clogging observed in other tests, which was mostly at the interface between the gravel pack and the aquifer. Near the end of test RW8, the head in the injection well was about 12 feet higher than in the observation well within the gravel pack, whereas in all other tests, the difference in head was on the order of 0.1 foot. Bacterial analyses of water recovered from the filter pack and of material in a sandfilled probe suspended in the observation well tapping the filter pack during the test indicate that microbial growth and associated slimes caused much of the observed loss in specific capacity of the recharge well (Ehrlich and others, 1973, p. 344) .
CHEMICAL CLOGGING
Compounds of iron, aluminum, and phosphorous accumulated in the vicinity of the injection well and contributed to clogging in most of the tests. Part of the accumulation resulted from the filtration of the colloidal or larger particulate form of these constituents from the injected water. However, part of the accumulation may have resulted from the chemical precipitation of the dissolved fraction of these constituents at or near the aquifer face. According to Ragone (1977) , application of WATEQ, the computer program of Truesdall and Jones (1974) , to the chemical data showed that the water recovered early during pumping of the injection well was supersaturated with aluminum and iron hydroxy species and iron oxide species. Hence, some chemical precipitation of some or all of these species could have occurred in some of the tests.
It was not possible to demonstrate that purely chemical clogging occurred in any test because of the overwhelming influence of mechanical clogging and because the chemical species involved also made up part of the particulate load injected. For example, Ragone and others (1973) found that the amount of iron recovered from the recharge well during repumping after test RW10 was equal to the amount of colloidal iron in the reclaimed water injected. In any event, some of the material that caused clogging of the recharge well could not be removed by pumping and surging alone, as one might expect if the clogging were purely mechanical. Dosing the well with hydrochloric acid after test RW7 led to recovery of water high in aluminum, iron, and phosphorus (table 7) and to a nearly 50-percent improvement in specific capacity (Vecchioli, 1972, p. 95) . A second acid treatment applied at the end of test RW13 ;esulted in a 25-percent improvement in specific capacity. These redevelopment episodes are described more fully in a following section.
FLOWMETER SURVEYS
Attempts were made at using flowmeter surveys to identify those zones in the screened interval of the injection well that became clogged most readily during recharge. These surveys were made with a In contrast, roughly 60 percent of the flow was transmitted through the upper half of the screen during injection. This difference was first recognized by G. D. Bennett (written commun., 1969) during the early s·eries of recharge experiments made with public-supply water. In all injection tests in which flowmeter surveys were made, results differed distinctly from those of the pumping surveys, regardless of the degree to which the injection well was clogged. For example, in figure 10 , the band of injection surveys repres·ents the spread of five individual surveys made at widely spaced time intervals during test RW4. The first flowmeter survey was run within 3 hours of the sta~t of injection, when little or no clogging had developed; the last survey was run after 10 days of injection, by which time the specific capacity of the well had decreased by more than 40 percent. No time-related trend was apparent among the five flowmeter surveys, which suggests that the spread re·presents variations in measurement procedure rather than any correlation with the degree of well clogging. Similar results were obtained in several other tests. The direction of flow apparently controls the relative contribution or acceptance of water at the different depth intervals in the screened zone. A possible explanation may be that the 3-inch-diameter current meter that presumably was centered in the 16-inch-diameter well screen may not have been sensing the same proportion of flow through the cross section for both directions of flow. The difference between the injection-survey results and the pumping-survey results is not great (fig. 10) .
Another explanation may be related to the slight vertical gradient in the aquifer when the well is not being oper31ted. The head in the aquifer opposite the top of the screen is less than the head in the aquifer opposite the bottom of the screen. The actual difference is not known but is probably less than a tenth of a foot. Therefore, when the head in the well is drawn down during pumping, a slightly greater gradient toward the well is formed in the lower half of the screen than in the upp2r half. During injection, when the head in the well is raised, the reverse is true; that is, the gradient away from the well is steeper in the upper half of the screen than in the lower half. Although these differences in gradient are slight, they could account at least in part for the slight differences in the configuration of the flowmeter surveys.
In summary, the flowmeter surveys were not useful in determining whether any zones clogged preferentially. The difference between results of surveys made during pumping and those made during injection -was at least as great as the differences within either group.
REDEVELOPMENT OF RECHARGE WELL PUMPING AND SURGING
After each injection test, the injection well was redeveloped by pumping and surging at different rates up to 1,000 gal/min. In general, this restored specific capacity only partly. For example, after the specific capacity of the well was reduced from 30.3 to 17.7 (gal/ min) I ft after 10 days of injection in test RW4, redevelopment of the well was attempted by continuous pumping at varying rates ( 400, 500, and 900 gal/min) for 5 days. After the first hour of pumping, specific cap,acity improved to about 26 (gal/min) /ft but increased to only 28.5 (gal/ min) /ft after 5 days. The well was then surged 10 times by pumping at 1,000 gal/min, the maximum capacity of the equipment, for 10-minute intervals followed by 5-minute shutdown periods. No improvement in specific capacity was noted. This procedure was repeated after 2 days of continuous pumping; this time 20 surge-and-rest cycles. were applied, but without causing noticeable improve·ment. Another 10 surge-and-rest cycles were ap.plied 2 days later, again with no apparent success.
The longest period of injection uninterrupted by redevelopment was 33 days (test RW7), in which about 14 Mgal of reclaimed water was injected. Rate of injection during this test was 350 gal/min during the first 19 days and 200 gal/min during the last 14 days. The rate decrease was brought about by a m·echanical failure of one of the filters at the treatment plant. During this test, the specific capacity of the injection well decreased from a pretest value of 23.5 (gal/min) /ft to an end-of-test value of 2.5 (gal/min) /ft. The major cause of clogging in this test was attributed to the suspended-solids load of the injected water (Ehrlich and others, 1972) .
Redevelopment by pumping began 2 days after injection ended. Pumping at a steady rate of 300 gal/min resulted in improvement of specific capacity, as follows: After pumping for 1 day, the well was shut down for 3 hours and then restarted and pumped for 1 hour at 700 gal/min~ At this rate, the specific capacity improved to 8.1 (gal/min) /ft after 10 minutes and to 9.3 (gal/min) /ft after 60 minutes. Pumping was then halted for 3 weeks to observe potential changes in both the chemistry and microbiota of the injected water.
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Pumping was then resumed at 850 gal/min, and a specific capacity of 15 (gal/min) /ft was observed after 4 hours of pumping. Continued pumping for an additional 20 hours at 500 gal/min resulted in no further improvement, and an abrupt increase to 900 gal/min resulted in only a slight improvement, to 15.5 (gal/min) /ft. The well was then surged 20 times by pumping at 1,000 gal/min for 10-minute cycles, with 2-minute shutdown periods. After pumping overnight at 400 gal/min, the specific capacity was observed to be 17.8 gal/min. The same pattern of surging was repeated on the following 2 days, with only insignificant improvement in specific capacity to 18 (gal/min) /ft.
The well head was then dismantled for repair of an epoxy joint. Because the pump had to be removed to make the repair and because increased surging i due to stepped increases in pumping rate had resulted in substantial improvements to the well's specfic capacity, increased agitation within each increment of screen was attempted with a double surge-block air-pumping technique. The surge-block assembly consisted of two sets of flexible washers, which fit snugly in the screen, separated by a 2-foot length of slotted pipe. The 2-foot section of pipe served as the intake for water pumped out of the well by means of air-lift pumping. The double surge block was worked in a swabbing motion up and down the length of the screen in increments of 5 to 10 feet while water was being pumped from the well at 200 gal/min. Presumably the agitation caused by the swabbing and pumping was largely confined to the 2 feet of well screen opposite the 2-foot interval between the surge blocks. At any given interval, the water pumped at first was typically extremely turbid, but became less so as the swabbing continued. Much particulate matter, some of it fine-grained aquifer material, was removed during this operation. Analysis of a water sample collected early in a swabbing run showed it to contain 1,820 mg/L total suspended solids, of which 248 mg/L were volatile. However, upon reinstallation of the pumping equipment, testing showed little improvement in specific capacity.
One possible reason for the lack of success in improving the specific capacity was that the agitation generated by the surge-block swabbing was no greater than that generated by starting the turbine pun1p. The turbidity of the water pumped during swabbing indicates that the agitation during swabbing exceeded that during pumping; however, if the increased agitation were confined largely to the filter pack of the well and not transmitted to the aquifer interface, then the particulate matter removed during the swabbing came primarily from the filter pack. This is quite possible because the 10-inchthick filter pack could have dissipated more energy vertically than laterally within the interval opposite the surge blocks. Hence, if the filter pack had been cleaned sufficiently by the preswabbing pumping, so as not to contribute significant head losses, further cleaning of the filter pack would result in no improvement of the well's specific capacity. In other words, the well's specific capacity at this point was being controlled primarily by reduction of permeability at the aquifer interface and a short distance beyond it, and this zone was apparently not affected by the swabbing any more than it had been earlier by simple pumping.
Effectiveness of pumping and surging in restoring specific capacity lost during each segment of test RW13 is summarized in table 8. During this test, except for an aborted start, injection was terminated, and the well was redeveloped by pumping whenever the specific capacity of the well decreased to 6 to 7 (gal/min) /ft. The well was redeveloped seven times, and the specific capacity was increased to 12 to 13 (gal/min) /ft. The amount of water pumped for redevelopment totaled about four percent of the amount injected.
ACID TREATMENT
In early tests, it was found that the water repumped from the injection well initially had high concentrations of iron and phosphate, mostly in particulate form (Vecchioli and Ku, 1972, p. 10) . In test RW7, high concentrations of aluminum were noted also. After the redevelopment attempts by pumping and surging after test RW7, it was thought by the authors that chemical deposits might be so firmly attached to the mineral framework of the aquifer that they could not he loosened by the surging action of the repumped water. The mode of formation of these deposits was not determined; that is, it is not known whether the deposits resulted from purely physical filltration of particulate matter or whether they resulted from coprecipitation of iron, aluminum, and phosphate at the interface or whether the process was a combination of the two. In any event, theresidual deterioration in well capacity was thought by the authors to result largely from persistence of these compounds at the· aquifer interface. Because many compounds of iron and aluminum are soluble in hydrochloric acid, the well was dosed with acid in an attempt to dissolve or at least dislodge these compounds.
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ARTIFICIAL-RECHARGE EXPERIMENTS, BAY PARK, LONG ISLAND, NEW YORK TABLE B.-Redevelopment data, test RW13, October 24,1972 , to May 11, 1973 Redevelopment episode 
111,600 5 10 900 45,000 1 240 400 96,000
1 After sodium hypochlorite solution was injected.
A 2,400-gallon slug of 32-pereent commercialgrade hydrochloric acid was injected into the well by way of the annular-space observation well. This volume was determined to be suffic.ient to displace all water within the sc.reened zone of the injection well and the annul~r-space well, as well as the water within the filter pack and within the first few inches of formation.
After the acid was injected, the turbine pump was turned on momentarily a few times to surge the well and thus assure even distribution of the acid around the well. The acid was then left standing in and around the well screen overnight (more than 12 hours) . The following day, the pump was turned on, and the well was pumped continuously at 800 gal/min. An immediate improvement in specific capacity was noted. After 4 hours of pumping, the specific capacity was 26.5 (gal/min) /ft-an im- provement of almost 50 percent over what it had been before the acid treatment and a 12-percent improvement over wha.t it had been before test RW7. High concentrations of iron, aluminum, amd phosphorus were noted in the liquid pumped from the well, as discussed in a previous section "Chemical Clogging." The well was similarly treated with acid at the end of test RW13, and specific capacity improved from 20 to 25 (gal/min) /ft.
BACTERICIDE TREATMENT
In test RW8, about 5 Mgal of unchlorinated reclaimed water was injected at 340 gal/min. During this test, the specific capacity of the injec,tion well dropped from a pretest value of 26.5 to 11 (gal/ min) /ft. Most of the clogging in this. test was attributed to a buildup of microbial slime within the F19 filter pack and perhaps a short distance into the formation (Ehrlich and others, 1973) . A head difference of about 12 fe~et between the injection well and the annular-space well was noted toward the end of the test; this reflects the slime buildup within the filter pack.
Redevelopment by pumping at rates up to 1,000 gal/min was effective in restoring the specific capacity to only about 23 (gal/min) /ft. The pumping also resulted in a removal of all but about 0.5 foot of head difference between the injection well and annular-space well when pumping at about 400 gal/ min. Before this last injection test, this head difference had been only 0.1 foot at a pumping rate of 400 gal/min. As most of the residual clogging was thought by the authors to be of bacterial origin, shock chlorination was considered a reasonable remedial measure.
Chlorine was added to the well by injecting 33,000 gallons of aquifer water into which a 15-percent solution of sodium hypochlorite was mixed; this resulted in a total chlorine residual of 200 mg/L. This volume was sufficient to displace all water within the well casing below the point of injection, the screened interval, the filter pack, and the format,ion to a radial distance of almost 8 feet from the axis of the well. The chlorine solution was left standing overnight (more than 8 hours). The following day, after 4 hours pumping, the specific capacity was 26.5 (gal/ m!in) /ft, which was equal to the specific capacity before injection of the unchlorinated reclaimed water. Also, the abnormal head difference between the annular-space well and the injection well had disappeared. Hence, the chlorine dosing was effective in destroying the residual bacterial slime around the injection well.
The well was similarly treated with chlorine after test RW9. Postinjection redevelopment by pumping had restored specific capacity to 24.6 (gal/min) /ft. After the chlorine treatment, the specific capacity was improved to 27.1 (gal/min) /ft.
The well was treated a third time with chlorine after segment 12 of test RW13. However, this treatment produced no significant improvement in specific capacity.
The recharge well was dosed with a commercial am.monium compound designed to control the growth of nuisance organisms in wells after test RW 4 and after considerable redevelopment by pumping and surging. This treatm·ent resulted in a 7 -percent improvement in specific capacity (Vecchioli and Ku, 1972, p. 10) . A later treatment did not produce any improvement, however.
RESTING
Some impvovement in specific capacity resulted from biodegradation of the clogging materials during periods after injection in which the well was rested for s·everal weeks. Evidence for thls phenomenon was observed after tests RW7, RW10, and RW13.
In test RW7, an increase in pumping rate from 700 gal/min to 850 gal/min after 3 weeks of rest was acCiompanied by a more than 60-percent improvement in specific capacity. This increase is probably more than would have occurred had the pumping rate been increased before any resting period.
A£ter test RW10, the injection weB was pumped at 300 gal/min for 110 minutes immediately after injection ended. The specific capacity was about 20 (gal/min) /ft. The well was then rested for 35 days, after which it was again pumped at 300 gal/ min for about 60 minutes. Specific capacity then was 25.9 (gal/min) /ft. High bacterial counts, high dissolved sulfide concentrations, and high total organic carbon concentrations. in the recovered water suggest that bacteria were solubilizing the· organic part of the clogging mat.erials during the resting period (Ehrlich and others, 1979) .
Similarly, at the end of test RW13, the specific capacity of the well was 8.6 (gal/min) /ft. The well was rested for almost 1 month before redevelopment began. Highly turbid, odiferous water similar to that observed in test RW10 was pumped initially. Pumping and surging after the 1-month test restored the specific capacity to between 19 and 20 (gal/min) /ft, whereas similar redevelopment attempts immediately or within a few days after different segments of injection resulted in sp,ecificcapacity imp:rovement to only 12 or 13 (gal/ min) /ft. SUMMARY Public-supply water and water reclaimed through tertiary treatment of sewage were injected into the Magothy aquifer at Bay Park, N.Y., in a series of 19 artificial-Techarge experiments from 1968 to 1973. Injection was done through a well screened from 418 to 480 feet below land surface. Injection rates ranged from 185 to 400 gal/min, and tests ranged from. 2 to 33 days in length, except for the last experiment, in which almost 42 Mgal of reclaimed water were injected intermittently in 18 segments over a 6-month period. Selected treatments were ap·plied to the injectant in some tests to evaluate their effect on well clogging or on geochemi-F20 ARTIFICIAL-RECHARGE EXPERIMENTS, BAY PARK, LONG ISLAND, NEW YORK cal reactions within the ·aquifer. The water injected was repumped after each test.
Head buildup. in the aquifer during injection virtually mirrored drawdown during pumping of comparable magnitude and time. However, the injection well and (or) contiguous part of the aquifer became clogged to varying degre·es in each test and resulted in excessive head buildup in the injection well. The amount of excessive head buildup and corresponding decrease in specific capacity differed widely from test to test. Maximum reduct;ion in specific cap·acity, from 23.5 to 2.5 (gal/min) /ft, was during injection of 14 Mgal of reclaimed water.
Clogging of the well was due primarily to suspended solids in the injectant. Suspended-solids concentrations above 1 mg/L, as Si0 2 , measured in terms of turbidity, caused disproportionately higher rates of clogging than concentrations below 1 mg /L. Clogging due to microbial growth was insignificant as long as a total residual chlorine level of about 2 mg/L was maintained in the inje~ctant. However, in a 10-day test in which unchlorinated reclaimed wate1r was injected, clogging due mainly to microbial factors was more severe than in comparable tests in which water of higher turbidity was injected. Compounds of iron, aluminum, and phosphorous contributed to clogging, but the e~tent to which these compounds precipitated within the aquifer relative to the particulate content of the injectant remained unresolved.
Redevelopment of the recharge well by pump•ing and surging was effective in partly restoring the specific capacity los!t during an injection test. Maximum pumping rate was limited by the equipment to 1,000 gal/min. Dosing the well with hydrochloric acid helped remove clogging material that could not be dislodged by pumping alone. Specific capacity improved from 18 to 26.5 (gal/min) /ft after the first acid treatment and from 20 to 25 (gal/min) /ft after a second treatm.ent. Dosing of the well with solutions of sodium hypochlorite resulted in a 10-and 15-percent improvement in sptecific capacity on two occasions, but produced no significant imp·rovement on a third. Dosing with an ammonium compound bactericide resulted in a 7 -percent improvement in specific capacity, but a later, similar ap·plication produced no improvem.ent. Redevelopment by pumping and surging was enhanced if the injection well was rested for s.everal weeks after injection; this was because of biodegradation of the clogging materials during the rest periods. 
